Abstract. The present study was carried out to investigate the effect of 2, 4,6,8-tetraaryl-3,7-diazabicyclo[3.3.1]nonan-9-one (bispidinone) analogs on the in vitro growth of human cervical carcinoma (HeLa) cells. A series of 11 bispidinone analogs was synthesized with substituents, e.g., fluoro/methyl/ethyl/isopropyl/ thiomethyl/methoxy groups, at various positions. These compounds were synthesized to identify which substituent and position induced the strongest cytotoxic effect in cancer cells. Among these synthetics, analog 9, which contains methoxy groups, had the most significant cytotoxic effect on HeLa cells, and its IC 50 value was less than 13 µM. A WST-8 assay also showed that analog 9 inhibited the proliferation of HeLa cells. By using DNA content analysis, we found that analog 9 induced sub-G1 and G1 phase arrest in a time-dependent manner. A [ 3 H]-thymidine incorporation assay suggested that analog 9 inhibited DNA replication in HeLa cells. On performing light microscopy, morphological changes such as cellular shrinkage and disruption, which are apoptotic features, were observed in HeLa cells. Annexin V/propidium iodide double staining and rhodamine-123 staining showed that analog 9 induced apoptosis and disrupted the intracellular mitochondrial membrane potential in HeLa cells. The western blot analysis results suggested that analog 9 induced mitochondria-mediated apoptosis. In addition, we have shown that analog 9 may play a role in the Fas signaling apoptotic pathway.
Introduction
The stereochemistry and synthesis of 3,7-diazabicyclo[3.3.1] nonan-9-ones (bispidines) are of interest owing to the biological importance of these substances (1) . Conformational analysis of bispidines is also of interest from a theoretical view point and, in particular, 2,4,6,8-tetraaryl-3,7-diazabicyclo[3.3.1]nonan-9-one (bispidinone) constitutes an interesting case for research owing to the presence of 4 aryl groups (2) . The preparation and use of bispidines as chelate ligands for radioactive copper isotopes for diagnosis ( 64 Cu) or therapy ( 67 Cu) have been studied (3) . A bifunctional bispidine derivative can be readily functionalized with biologically active molecules at the pendant carboxylate groups (3) . However, the biological properties of bispidinone with regard to the molecular mechanisms of its therapeutic effects on cancer have not been examined. Therefore, we synthesized a series of 11 bispidinone analogs with fluoro/methyl/ethyl/isopropyl/thiomethyl/methoxy substituents at various positions ( Fig. 1) . Firstly, we undertook a WST-8 assay to identify which substituents and positions generate the strongest cytotoxic effect. 2,4,6,8-Tetrakis(2-methoxyphenyl)-3,7-diazabicyclo[3.3.1]nonan-9-one (analog 9) was more cytotoxic in HeLa cells than the other analogs; therefore, this study was undertaken to examine the anticancer activity of analog 9.
Cancer is caused by the uncontrolled growth of cells, and it has been thought to be the result of interactions between genetic susceptibility and environmental toxins. In the broad sense, most chemotherapeutic drugs work by impairing cell division; however, some cause cancer cells to undergo apoptosis. Many drugs have been developed to treat cancer, although the principles and limitations of chemotherapy founded by the early researchers still apply (4) . Therefore, identifying synthetic compounds with anticancer effects is also essential for the treatment of cancer. Recently, the study of apoptosis has been a major focus of cancer research. Apoptosis, i.e., programmed cell death, is highly regulated through the extrinsic and intrinsic pathways (5, 6) . Apoptosis is characterized by chromatin condensation, DNA fragmentation, membrane blebbing and cell shrinkage (7) . The intrinsic pathway is induced by many stimuli, e.g., DNA damage, cellular distress, hypoxia and cytotoxic agents, which act inside cells (6) . In recent studies, mitochondria have been suggested to play an important role in apoptosis (8) . In response to apoptosis, which is especially related to the intrinsic pathways, some important events occur in the mitochondria. These events can be controlled and regulated by members of the Bcl-2 family (9), which includes anti-and proapoptotic (10) . The presence of the protein Bad counters the antiapoptotic effects of Bcl-xL and Bcl-2, potentially through direct inhibition of their activity or displacement of the proapoptotic protein Bax (11) . In the mitochondria-mediated pathway, mitochondria release some apoptotic proteins, including cytochrome c, into the cytosol (12) . Cytosolic cytochrome c binds to apoptotic protease activation factor 1 (APAF1) to produce active caspase-9 and caspase-3, thereby inducing caspase-dependent apoptosis (13) . Caspases (cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases) are a family of cysteine proteases that regulate and play essential roles in apoptosis in the death receptor-and mitochondria-mediated pathways (14) . In the death receptor-mediated pathway, caspase-8 plays an initiator role and activates the final executioner caspase-3 (15) . Apoptosis, via the mitochondria-mediated pathway, also occurs in a caspase-independent manner after the mitochondrial release of apoptosis-inducing factor. It could be translocated to the nucleus for the induction of chromatin condensation and DNA fragmentation (16) . Cell cycle regulation is closely linked to cell proliferation, and one of the most notable features of a tumor is abnormal cell cycle management (17) . The G1 phase or post-mitotic phase is a period in the cell cycle during interphase, before the S phase. In many cells, this phase represents the main period of cell growth. During this stage, new organelles are synthesized so that the cells require the production of structural proteins and enzymes, resulting in a high level of protein synthesis and a high rate of metabolism (18) .
Effect of a bispidinone analog on mitochondria-mediated apoptosis in HeLa cells
Emerging evidence has characterized the induction of apoptosis to treat cancer (19) (20) (21) . The aim of this study was to determine whether analog 9 can exert its activity on cancer cells. In this report, we investigated the anticancer effect of analog 9 to identify whether a novel compound can be an appropriate candidate for an antitumor agent. Cell lines. HeLa cells obtained from the American Type Culture Collection (Manassas, VA, USA) were cultured in EMEM supplemented with 10% FBS and 1% penicillinstreptomycin at 37˚C (5% CO 2 ) in a humidified atmosphere.
Materials and methods

Chemicals
Preparation of bispidinone and its analogs. Bispidinone and its analogs were obtained from the laboratory of D.H.P. and synthesized by P.P. The stock solutions were prepared in DMSO and kept at 4˚C. Further dilutions were made immediately prior to each experiment.
Cell viability and proliferation assays. The effect of the bispidinone analogs on cell viability was investigated in HeLa cells according to the method reported by Tominaga et al (22) . We plated 5.0x10 3 cells into each well of a 96-well microplate. After 24 h, the medium replaced with fresh medium containing the bispidinone analogs at various concentrations (15, 30 and 60 µM). The plate was incubated for an additional 48 h. The CCK-8 reagent (10 µl) was then added to each well and incubated for 2 h. Cell viability was assessed using 2-(2-methoxy-
an indicator that is reduced by the dehydrogenases in cells to give an orange colored product (formazan), which is soluble in cell culture medium. The optical density of living cells was read at 450 nm using a multimicroplate reader (Synergy HT; BioTek, Winooski, VT, USA). Wells containing cells and an appropriate volume of vehicle (DMSO) served as the control. Wells containing only culture medium and the CCK-8 reagent served as the blank. The percentage cytotoxicity of analog 9 was calculated according to the following equation: % cytotoxicity = [(Ac -A)/(Ac -Ab)] x100, where Ac, Ab and A represent the mean optical density of the vehicle control, blank and treated groups, respectively. In order to determine the effect of analog 9 on cell proliferation, 5.0x10 3 cells/ml medium were seeded in 96-well plates and treated with or without analog 9 (15 µM) for various durations. Each experiment was repeated at least 3 times.
Cell cycle arrest analysis. The cells (3.0x10 5 cells in a 60-mm dish) treated with or without analog 9 were collected by trypsinization and washed with ice-cold PBS by centrifugation. The cells were suspended in PBS and fixed with 70% ethanol (v/v). The samples were then washed with ice-cold PBS and stained with PI/RNase staining buffer for 15 min at room temperature (23) . The cells in different phases of the cell cycle were analyzed using a FACScan flow cytometer, and 20,000 events were analyzed for each sample. The percentage of cells in the different phases of the cell cycle was determined using ModFit software (Becton-Dickinson Instruments, Franklin Lakes, NJ, USA).
Annexin V-FITC/PI apoptotic analysis. Cells (3.0x10
5 cells in a 60-mm dish) treated with or without analog 9 were collected by trypsinization and washed with ice-cold PBS via centrifugation. Then, 1.0x10 5 cells were resuspended in 100 µl binding buffer and stained with 5 µl Annexin V-FITC and 10 µl PI (50 µg/ml) for 15 min at room temperature in the dark (23) . Analysis was performed using a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA) with 10,000 events each time. The data were analyzed using Cell Quest Pro software (Becton-Dickinson Instruments).
Measurement of apoptotic cell morphology. HeLa cells were distributed (1.0x10 5 cells/well) into a 24-well plate and allowed to adhere overnight. The cells were treated with analog 9 (15 µM) for 24 and 48 h. Non-treated wells received an equivalent volume of DMSO (<0.1%) as the control. Optic phase-contrast photographs were taken using a Nikon Phase Contrast-2, ELWD 0.3 inverted microscope.
[
3 H]-thymidine incorporation assay. The [ 3 H]-thymidine incorporation assay was performed as described previously (24) . Briefly, HeLa cells were cultured in 12-well plates in growth medium (EMEM + 10% FBS + 1% penicillin-streptomycin). After the cells had grown to 70-80% confluence, they were rendered quiescent by incubation for 24 h in EMEM containing 2% FBS. Analog 9 (15 µM) in EMEM (or DMSO) supplemented with 10% FBS was added to the cells and the cultures were incubated for 21 and 45 h. [ 3 H]-thymidine was added at 1 µCi/ml (1 µCi = 37 kBq) and incubated for 3 h. Incorporated [ 3 H]-thymidine was extracted in a cell lysis buffer and measured using a liquid scintillation analyzer (Tri-Carb 2910TR; Perkin-Elmer Inc., Waltham, MA, USA).
Measurement of mitochondrial-membrane potential disruption.
Changes in mitochondrial-membrane potential (∆Ψm) were measured using flow cytometry (FACSCalibur; BD Biosciences Pharmingen). HeLa cells treated with analog 9 and untreated control cells were stained with 10 µg/ml rhodamine-123 (Rh-123; Molecular Probes) and incubated at 37˚C for 30 min. Analysis was performed using a FACSCalibur flow cytometer (Becton-Dickinson) with 10,000 events per sample. The data were analyzed using Cell Quest Pro software (Becton-Dickinson Instruments).
Western blot analysis assay. After the cells were treated with or without analog 9, total cell lysates and cytosolic fractions were prepared as described previously (25) . The protein content of the lysates was determined by the Bradford protein assay (Bio-Rad, Hercules, CA, USA). Proteins (25 µg) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA) by western blot analysis (26) . The following primary polyclonal antibodies were used: Bcl-2, procaspase-8, procaspase-9 and β-actin (1:1,000; Cell Signaling Technology, Danvers, MA, USA), procaspase-3 and p53 (1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Bax (1:1,000; BD Biosciences Pharmingen).
Statistical analysis. Each experiment was repeated at least 3 times. Data are expressed as the mean ± SD values of 3 independent experiments. We performed statistical analysis by one-way analysis of variance. The criterion for significance was set at P<0.05. Microsoft Excel 2007 (Roselle, IL, USA) was used for the statistical and graphical evaluations.
Results
Effects of analog 9 on the viability and proliferation of HeLa cells. Initially, we evaluated the cytotoxicity of different concentrations of bispidinone and its analogs against HeLa cells. The cytotoxic effects of bispidinone compounds were examined in a concentration-dependent manner in HeLa cells using the WST-8 assay (Table I) . After incubation of the cells with increasing concentrations (15, 30 , and 60 µM) of bispidinone and 11 analog compounds for 48 h, analog 9 showed a significant cytotoxic effect in a concentration-dependent manner when compared with the control. The other compounds did not show a clear cytotoxic effect. Therefore, we selected analog 9 for further study. The IC 50 value of analog 9 was approximately 13 µM ( Fig. 2A) . When HeLa cells were treated with 15 µM analog 9 for 0, 12, 24, 36, 48 and 60 h, their proliferation increased gradually until 48 h and began to decrease at 60 h, whereas the untreated cells maintained an exponential proliferation state. A significant difference in the absorbance from the control was observed at 60 h, showing that analog 9 inhibited HeLa cell proliferation after 60-h incubation (Fig. 2B) .
Analog 9 induces arrest at the sub-G1 and G1 phases of the cell cycle.
The growth and inhibition of cells are mediated by the cell cycle (27) . The abnormal regulation of the cell cycle could be an event that initiates apoptosis (28) (29) (30) . To assess the effect of analog 9 on cell cycle progression, HeLa cells were treated with or without 15 µM analog 9 for 24 and 48 h. Treatment with analog 9 (Fig. 3B and D) increased the number of cells in the sub-G1 and G1 phases compared to the untreated cells (Fig. 3A  and C) . Furthermore, analog 9 increased the number of cells in the G1 phase in a time-dependent manner. Thus, analog 9 induced the arrest of HeLa cells in the sub-G1 and G1 phases of the cell cycle.
Analog 9 induces apoptosis in HeLa cells. An Annexin V-FITC
and PI double-staining assay was performed to assess the induction of apoptosis. To evaluate whether analog 9 induced apoptosis, HeLa cells were treated with or without 15 µM analog 9 for 24 and 48 h and then stained with Annexin V-FITC and PI, followed by analysis using flow cytometry. This double- (31, 32) . As shown in Fig. 4 , treatment with analog 9 increased the number of cells undergoing apoptosis (Fig. 4B and D) compared with the untreated cells ( Fig. 4A and C) . Therefore, these results show that analog 9 induced apoptosis in HeLa cells in a time-dependent manner. of apoptotic cells. Morphological changes in the cells treated with various times of analog 9 using light microscopy revealed the presence of apoptosis. Under light microscopy, non-treated analog 9-HeLa cells spread regularly in the culture plates and grew to near confluence ( Fig. 5A and C) . After treatment with 15 µM analog 9 for 24 and 48 h, a significant number of HeLa cells detached from the plate. The detached cells and most of the remnant attached cells showed significant morphological changes that were indicative of apoptosis, e.g., cellular shrinkage and disruption ( Fig. 5B and D) . (Fig. 6 ) in a time-dependent manner; therefore, we concluded that analog 9 had an effect on DNA replication of the cells. (Fig. 7A and C) ; however, cells treated with analog 9 exhibited a time-dependent decrease in intracellular ∆Ψ m (Fig. 7B and D) . Fig. 7E shows the data for cells treated with H 2 O 2 , which were used as a positive control to confirm these data.
Analog 9 induces morphological changes in HeLa cells. Cell morphological observation reveals important characteristics
Analog 9 induces the mitochondria-mediated apoptosis pathway in HeLa cells.
Caspases play a central role in apoptosis, once activated, they can activate other procaspases, allowing the initiation of a protease cascade. In order to determine the molecular mechanism of analog 9-induced apoptosis in HeLa cells, we evaluated whether the caspase-dependent signaling pathway and mitochondria-mediated pathway were involved in analog 9-induced apoptosis. HeLa cells were treated with 15 µM analog 9 (according to the cytotoxicity data). The members of the Bcl-2 family play essential roles in initiating the mitochondria-mediated pathway (33) . Bcl-2 is known as an antiapoptotic protein, and its levels were decreased in cells treated with analog 9 in a time-dependent manner. Conversely, Bax levels were increased in cells treated with analog 9 because it is a proapoptotic protein (Fig. 8A) . Change in the levels of Bcl-2 family proteins results in the release of cytochrome c from the mitochondria, which then activates the downstream caspase program (21) . When the levels of procaspases decrease, the levels of caspases increase to initiate apoptosis. As shown in Fig. 8A , the levels of procaspase-3 and -9 decreased following treatment with analog 9; therefore, we concluded that the levels of caspase-3 and -9 were increased by analog 9. The levels of p53, a tumor suppressor protein, showed a tendency to increase following treatment with analog 9; therefore, we concluded that analog 9 suppressed the levels of a tumor growth factor. Analog 9 has the potential to induce the Fas signaling apoptosis pathway. Caspase-8 is known for its role in the Fas signaling apoptosis pathway. We analyzed procaspase-8 to assess whether analog 9 could also trigger the extrinsic pathway. At the first step of this pathway, Fas ligand binds to Fas protein, inducing Fas to decrease procaspase-8 levels. When the levels of procaspase-8 are decreased, caspase-8 levels are increased. Activated caspase-8 can trigger other caspase proteins, especially caspase-3 (15) . Therefore, analog 9 may trigger Fas signaling apoptosis pathway by decreasing the levels of procaspase-8 (Fig. 8B) .
Discussion
Various chemotherapy drugs have been used to treat cancer and many novel compounds are still being developed. Our experimental findings showed that analog 9 induced cytotoxicity in HeLa cells and inhibited their proliferation significantly after 36 h. As analog 9 had the strongest cytotoxic effect on HeLa cells compared to the other compounds, we suggest that the methoxy group of bispidinone compounds is important for cell cytotoxicity. Analog 9 inhibited the proliferation of HeLa cells at a low concentration; therefore, we wanted to examine the underlying mechanism of cell death.
Many methods have been developed to monitor the different steps of apoptotic pathways (34, 35) . We initially assessed apoptosis in HeLa cells by observing morphological changes. The abnormal morphology of cells treated with analog 9 showed an apoptotic pattern, including a reduction in the volume, number, and fragmentation of HeLa cells. The Annexin V-FITC/PI double staining assay suggested that analog 9 induced early apoptosis in HeLa cells time-dependently. These data indicated that analog 9 inhibited the proliferation of HeLa cells and induced cytotoxicity by triggering apoptosis. However, the enzyme activity of apoptotic and cell cycle regulators should be characterized to clarify the mechanisms by which analog 9 induced apoptosis. Since the activation and execution of apoptosis are regulated by complex molecular mechanisms, numerous points of interaction exist between the regulatory pathways of the cell cycle and apoptosis (36) . We observed the accumulation of HeLa cells at the G1 phase at 24 h following treatment with analog 9 (30, 37) . On the basis of these results, we concluded that analog 9 induced G1 phase arrest.
The [ 3 H]-thymidine incorporation assay suggested that analog 9 inhibited DNA replication; therefore, we obtained evidence that analog 9 influenced the DNA levels in HeLa cells. Through the process of apoptosis, any cell that is severely damaged beyond the capacity of the DNA repair system or cannot be repaired, is eliminated. Therefore, analog 9 induced DNA strand breaks and inhibited the incorporation of [ 3 H]-thymidine before any cell cycle change had occurred. In conclusion, this study provides experimental evidence that analog 9 induced apoptosis in HeLa cells that was accompanied by the inhibition of DNA replication.
To identify the underlying apoptotic pathway that was induced by analog 9, we measured ∆Ψ m using Rh-123 staining and western blot analysis. Rh-123 staining indicated that analog 9 disrupted ∆Ψ m . Western blot analysis was performed to confirm this finding. The Bcl-2 family proteins Bax and Bcl-2 play important roles in initiating the mitochondria-mediated apoptotic pathway (33) . Proapoptotic Bax translocates to the mitochondria and integrates into the outer mitochondrial membrane, where it promotes the release of cytochrome c into the cytosol. In contrast, antiapoptotic Bcl-2 prevents this process by preserving mitochondrial integrity. Thus, the ratio of Bax to Bcl-2 is crucial to the sustenance of drug-induced apoptosis in the mitochondria-dependent apoptotic pathway (38) . A recent study showed that analog 9 upregulated the expression of Bax and downregulated the expression of Bcl-2. The release of mitochondrial cytochrome c facilitates the formation of apoptosome complexes consisting of APAF-1 and caspase-9, which subsequently activate caspases, e.g., caspase-3, resulting in apoptosis (21) . In the present study, the activation of caspase-3 and -9 was detected. In addition, the levels of p53, a tumor suppressor protein, increased significantly. These results showed that analog 9 induced apoptosis via the caspase-and mitochondria-mediated pathways. In Figure 8 . Effects on protein level in analog 9-induced apoptosis. (A) Protein expression levels of Bax, Bcl-2, procaspase-9, procaspase-3 and p53. These protein levels indicate that analog 9 induced the mitochondrial-dependent mediated pathway. (B) The expression level of procaspase-8 is involved in the Fas signaling apoptosis pathway. Expression levels of proteins changed time-dependently. All the experiments were performed in triplicate and gave similar results. addition, we suggest the possibility that analog 9 induced the extrinsic apoptotic pathway.
In conclusion, this study provides experimental evidence that analog 9 induces apoptosis in HeLa cells via the mitochondria-and caspase-mediated pathways, and may induce the extrinsic pathway. Analog 9 also inhibits DNA replication in HeLa cells and induces sub-G1 and G1 phase arrest in the HeLa cell cycle. Finally, analog 9 also disrupts ∆Ψ m (Fig. 9) .
To date, no study has assessed the anticancer activity of bispidinone analogs, and this present study serves as the first attempt to evaluate the action of analog 9 on HeLa cells. These findings show that analog 9 should be studied as an anticancer agent in future research.
